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ABSTRACT

Heteranthera limosa Willd., an aquatic member of the
Pontederiaceae, is one of the few plants known to require both
anaerobic conditiono and light for seed germination.

Several

aspects of the light requirement for germination, the location of
photoreceptors, seed development and structural detail of the seed
during germination are reported.

Experiments with isolated embryos

maintained on White's modified medium suggest that seed dormancy
is structurally controlled by the hard lignified seed-coat and that
isolated embryos grow better in aerobic conditions.

To detect the

presence and location of photoreceptors, the seeds were completely
or partially coated with opaque paint to exclude all light or to
expose only certain areas of the seed surface (the trap-door end
or the chalazal end) to light.

Photoreceptors have been found to

be well distributed on the entire seed surface, rather than localized.
Attempts to replace the light requirement by the external application
of cellulase and pectlnase were unsuccessful.

Injury to the embryo

resulted when internal application of these enzymes were attempted.
A detailed study of seed formation revealed that the nucellar cap
develops In the very young ovule and persists in the mature seed.
Lipid inclusions of approximately 1.4-2.0 pm diameter (spherosomes)
were observed In the fine structure study of cells of the nucellar
cap, the endosperm sheath surrounding the embryo, and the endosperm

x

of the mature and germinated seeds.

Large inclusions of protein-

aceous nature averaging 38 pm in diameter are also present in the
nucellar cap cells of the germinated seeds.

Scanning electron

microscopic observations of the seed surface, internal structure,
and germination disclosed that there is a trap door on the seed which
develops in the latter stage of seed formation.

The cells on the

seed surface including the trap door become lignified and suberized.
During germination, the trap door opens showing a clean break and
the radicle emerges.

xi

INTRODUCTION

Heteranthera limosa Willd., together with species of Pichhornia
and Pontederla, Is a member of the pickerelweed family, Pontederiaceae
(class Monocotyledonae).

All are aquatic annuals in the southern

United States and perennials in the tropics.

The genus Heteranthera,

as classified in Cray's Manual of Botany, 8th edition (21), includes
the following species:

HI. reniformis, fi. 1 imosa, and fl. dubla.

Several aspects of the biology of H. limosa such as the light and
anaerobic requirements for seed germination and the structural detail
of the developing mature and germinated seeds have not been adequately
studied.

One percent or more of oxygen present in the environment

inhibited seed germination
for germination.
affected by 10

(38).

Additionally, light was required

Marler (38) reported that germination was not

-2 M cyanide (an inhibitor of aerobic respiration)

but was inhibited by iodoacetate, which blocks the fermentative
pathway by modifying the -SH groups in enzymes.

Marler (38), trying

to substitute certain reducing agents for the anaerobic requirement,
found that only glutathione (reduced) had a slight stimulating effect
but only when the oxygen concentration in the environment was reduced
below 10%.
The seed-coat seems to function as a mechanical barrier to
germination which may be overcome by enzymatic breakdown of the
intercellular material along the cleavage line of the trap door on the
seed (38).

By cracking the seed-coat, both of the requirements, light
1

2
and anaerobic conditions, can be eliminated.

This indicates that the

required conditions for germination must include the breakdown of
the seed-coat.
Qualitative and quantitative light requirements for 11. limosa
were reported by Diaz (14) who concluded that the red light in the
650-675 nm region was most effective in promoting germination;
whereas far red lighc in the 730 am region was not promotive.

Thus

the response of H. limosa seed to light may be phytochrome-mediated.
At least 24 hours of light exposure was necessary for germination;
therefore this seed was classified by Diaz (14) as belonging to the
long irradiation type seed.
Various chemical compounds, know, to eliminate the requirement
for light during germination in other photoblastlc seeds such as
lettuce and tobacco, failed to induce germination in H. limos a seeds
(38).
The following studies were carried out to elucidate possible
mechanisms involved in controlling germination of H. limosa Willd. seed.
I

Physiological Studies
A.

Embryo Isolation Experiments
Excised embryos were placed on complete and incomplete media to

determine if dormancy was an embryo related phenomenon, such as
immaturity of the embryo or the occurrence of internal metabolic
inhibitors within the embryo.
B.

Effect of Certain Enzymes on Seed Germination
Since enzymatic breakdown of the seed-coat in germination has

been suggested, seeds were treated with various enzyme solutions in an

3
'

effort to bypass the light requirement, as had been done with lettuce
seeds (28).
C.

Detection of Photoreceptors
Since embryo isolation experiments indicated that the embryo

itself does not require light energy for elongation,

light must be

important in other metabolic processes taking place external to the
embryo.

Therefore, experiments were performed to elucidate the mode

of light absorption and location of the photoreceptors on the seed
surface.
II.

Morphology and Anatomy of Ovule and Seed Development
A.

Ovule and Seed Development
Since the germination characteristics of a seed may depend on

the morphology and the anatomical changes which occur during the
seed's early development, the process of seed development was studied
in detail to reveal information regarding seed dormancy.
B.

Seed Topography and Seed Germination
Surface structure in immature, mature, and germinating seeds

of JH. limosa was studied in detail with the scanning electron
microscope.

Cytological changes associated with release from dormancy

were sought using the transmission electron microscope and light
microscope preparations as clues to the cellular site and the control
mechanism involved in dormancy.

LITERATURE REVIEW

According to Boch (3) the first description of a Heteranthera
was Sloane’s report in 1707 of a population of Pontederiacious plants
from Jamaica which had green roundish leaves like those of the
water-plantain and a blue hexapetalous flower.
this was probably H. reniformis.

Boch indicated that

The Pontederiaceae as a family,

according to Gray's Manual of Botany (21), consisted of three genera:
Eichhornia, Pontederia, and Heteranthera.

An additional genus

Monochoria was also included in this family by Hutchinson (27) and
Ono (48).

Solms-Laubach*s (66) monographic work on the family

Pontederiaceae included only the first three genera in this family.
H. limosa Willd. was described by Karl Ludwig Willdenow (21).
According to Solras-Laubach (66), It has been reported from the
American tropics:

Cuba, Mexico, Nicaragua, Ecuador, Bahia,

Argentina, and Paraguay; it is also found in inland fresh marshes
and fresh waters in California, Colorado to Minnesota, Arizona,
Louisiana and Kentucky (21).

According to Index Holmensis (73), H.

limosa was found in Kansas (Gates, 1940), Iowa (Beal, 1954), and Missouri
(Steyermark, 1963).

Tucker et al. in 1967 (74) reported H. limosa

from California rice fields where it had been found previously.
For the present study, JH. limosa was collected from rice fields in
the vicinity of Crowley, Louisiana.
Leaves of ii. limosa may be submerged, floating or out of the
water.

Flowers are white and solitary in the local populations
4
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observed in the rice fields around Crowley.

The unusual name

Heteranthera refers to the unequal stamen characteristics of the
members.
Argentina.

The specieB is aptly described by Schulz (59) from
The following is a translation from Spanish:

Plants are herbaceous, perennial, with characteristics of
an annual, due to unfavorable climatic conditions, cespitose,
with short ascending stems measuring 10-20cm in height.
Adult leaves mostly petlolate; blade variable in form,
commonly ovate, base nearly cordate and apex rounded;
infrequently cordate and rarely oblong linear.
Spathe glabrous,
tubular, narrow, 22-25mm tall, the basal portion enclosed,
with oblique margins and terminating in a mucronate tip
l-3mm in length. A single flower per spathe, 30mm tall
and 25tmn diameter, bluish violet or lilac, facing the leaf.
Perigynium having a long cylindrical tube (20-25mm) externally
glandulose on the upper half; lacinias lanceolate 14mm in
length x 4mm wide.
The sheath is not larger than the lobes,
is yellow but white at the basal third; the 2 contiguous
margins are white at the base; the lower is the same size and
shape as the others; lacking pubescence or glands on the
opposite surface.
Stamens are inserted at the base of the
anterior lacinias, filaments bluish white, broad, flattened,
slightly glandular with yellow anthers curved toward the
spathe; central stamen somewhat more pubescent, taller with
greenish anther, with a fixed vertical base and more outward
and downward relative to the pistil.
Pollen grains are
small, greyish, spherical; concentrated in a mass on the
main stamen, scattered on the laterals.
Gynoecium: ovary
cylindrical, glabrous, 8mm in height; style glabrous, white,
with a few glandular hairB, about 10mm long, on a level with
the main stamen; stigma white, enlarged and glandular.
Capsule cylindrical, relatively large (14-18 x 2-3mm diameter);
maturing under water.
Seeds elipsoidal, dark brown, longi
tudinally striate, 0.5mm long.
Flowering is abundant almost
throughout the year; flowers ephemeral.
It is a plant which
produces many flowers and it is difficult to find normal
leaves without flowers.
It is present in abundance, in wet
places, inundated fields and in placeB of scanty vegetation.
The vegetative morphology of ji. limosa was reported by Olive (47),
Schalscha-Ehrenfeld (58), Schwartz

(60) and Wylie (77).

Having thus described the plant and its historical background,
the remainder of the literature review is presented in six sections:

6
1) seed dormancy;

2) effect of light on seed germination;

3) lettuce

seed germination; 4) H. limosa seed germination, anaerobic conditions
and light requirement; 5) reproductive floral morphology; 6) seed
development.
^eed

D o rmancy

Villiers (7 6) in his review of seed dormancy defined seed
dormancy as the failure of viable seeds to recommence development
immediately when supplied with favorable environmental conditions.
Dormancy is biologically advantageous for weed seeds;

it enables

them to remain viable under environmental conditions which would not
support normal growth and development.

Dormancy is not limited to

seeds but may be present in buds, rhizomes, norms, mltospores, and
meiospores of almost all plants (76).

Dormancy also refers to any

stage in a life cycle in which active growth is suspended for a
period of time, either because of unfavorable environment (exogenous
dormancy) or because of some internal block (constitutive dormancy)
(76) .
Types of dormancy:

According to Villiers (76) various dormancy

mechanisms were reviewed by Nikolaeva who proposed four principal
types (classes) of dormancy due to the following:

Dormancy resulting

from 1) properties of the outer covers of the embryo, 2) underdevelop
ment of the embryo, 3) the physiological condition of the embryo
itself, or 4) various combinations of dormancy.

Class 1 was

subdivided into physical impermeability of the seed-coats to water,
inhibiting action of substances within the seed-coat and mechanical
resistance to the growth of the embryo.

Class 3 was subdivided

according to the combination of low permeability of seed-coats to

7
gases coupled with various physiological conditions of the embryo
itself.

Class 4 was distinguished as combinations of the exogenously

imposed dormancy of Classes 2 and 3.
A more generally quoted classification of dormancy types was
that of Crocker (1(J) who described dormancy as resulting from:
1) immaturity of the embryo; 2) impermeability of th<

seed-coat;

3) mechanical resistance of the seed-coats to embryo growth; 4)
low permeability of the seed-coats to gases; 5) dormancy resulting
from a metabolic block witnin the embryo itself; 6) a combination
of the above; or 7) secondary dormancy.
Effect of Light on Seed Germination
The first recorded reference to the possible effect of light
on seed germination appeared in the 18th century in the writings of
Ingenhousz and Senebier.

Kinzel in 1908 recorded over 600 species

of seed which were light sensitive; but the light sensitivity of
seeds was not recognized as a part of photomorphogenetic events
until the work of Flint and McAlister in 1937 (22) and that of
Borthwick, Hendricks, Parker, Toole and Toole in 1952 (4).
Flint and McAlister's work (22) on lettuce seed germination
indicated that germination is promoted by red light and suppressed
by far red light.

The detailed action spectra published by Flint

and McAlister (22) for light sensitive lettuce seed germination showed
maximum promotion near 660 nm and maximum suppression near 730 nm.
Action spectra and energy requirements for lettuce seed germination
and for control of flowering in cocklebur were found to be similar
confirming the presence of the photoreversible photoresponse.

This

8
led to the discovery of the phytochrome system In Grand Rapids
lettuce seeds (A),

Phytochrome Is a photoreceptor pigment which

has been associated with photoreversible control of plant growth and
development (A).

The single photoreceptor pigment exists in two

photoconvertible forms; the first form with an action spectrum near
660 ran is known as P r , and the second form with an action spectrum
near 730 nm is known as Pfr.

This pigment was isolated from dark

grown Avena aatlva seedlings by Siegelman et jiL (61) in 1964.

It is a blue

chromoprotein which is associated with the plasmalemma of the cells
in the alga Mougeotla according to Haupt

(24); however,

in higher

plants Galston (23) has associated it with the nuclei of etiolated
oat and pea seedlings.

Marme and Schafer (39) reported evidence

for membrane-bound phytochrome along the plasmalemma in maize
coleoptiles.

In addition, they found that a high percentage of

phytochrome was bound to particles other than nuclei, mitochondria
and plastlds.

On the other hand, Pratt et a_l. (53) and Coleman et^

a l ■ (9), who used Sternberger1s (69) immunohistochemical assay which
localizes phytochrome ij^ situ, found indications that in an etiolated
oat seedling cell containing phytochrome, the chromoprotein was
localized within the cell and the cytoplasm much as a soluble protein
might be distributed.

The pigment has also been found to be

associated with amyloplasts and mitochondria.
observed in the nucleus.

No activity was

They also suggested a possible specific

association of the phytochrome pigment with membranes such as the
plasmalemma, the endoplasmic reticulum and the nuclear membrane (53).

9
Lettuce Seed Germination
Since the work of Flint and McAlister (22) and Borthwick e_t
a l . (4, 5), Grand Rapids lettuce seed has been regarded as the
classical material for study of photocontrolled germination.

1kunia

and Thimann (29) analyzed the physiological nature of the germination
processes in lettuce seeds and reported that germination did not
take place under complete anaerobiosis either in light or darkness.
They found that photosensitivity increased with moistening,
a maximum and then decreased.

reached

Lettuce seeds photoinduced at the

time of maximum sensitivity required 5 hours before visible protrusion
of the radicle.

Thus, lettuce seed germination has been postulated to

progress through 4 stages:

A) A preinduction phase (during which seeds

take up water and prepare for induction by red light) which required 1.5
hours, was not influenced by a nitrogen atmosphere (anaerobic) and was
temperature sensitive,

B) The induction phase (during which the

reversible reaction of phytochrome functions maximally) was a pure
photoreaction independent of oxygen concentration and temperature.

C)

The postinduction phase (during which seeds undergo the "dark process")
required about 9 hours and started immediately following photoinduction
with a higly oxidative reaction and was not inhibited by far red
light under aerobic conditions.

The oxidative reaction was inhibited

in seeds kept under anaerobic conditions.

Under aerobic conditions,

both oxidation and the escape phenomena (i.e. the escape from far
red light inhibition) occurred.

Thus Pfr must participate actively

in the oxidation reaction, and this reaction must directly control
the escape phenomenon which was temperature sensitive, showing an
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optimum at 25° and complete inhibition at 35°.

D) The visible

germination phase (during which the radicle breaks through the seedcoat) was effected by enzymatic breakdown of the seed-coats and
the endosperm mediated by a phytochrome system which controls
enzyme secretion.

Ikuma and Thimann (28) found that the photo

sensitive site for the Induction of lettuce seed germination was
localized in the embryo itself.

According to rkuma and Thimann (28),

in order to account for the ability of red light to initiate germina
tion in lettuce seeds, the final step in the germination control
process was the production of an enzyme whose action enabled the
tip of the radicle to penetrate through the seed coat.

Although

they did not detect such an enzyme in the radicle, they found
that the cotyledons produced both a pectinase and another enzyme
capable of hydrolyzing carboxymethyl cellulose.

Furthermore,

Ikuma

and Thimann (28) observed that lettuce seeds injected with a cellulolytic
hemicellulolytic or pectolytic enzyme germinated in the dark at nearly
maximum levels,
Heteranthera Limosa Seed Germination
Under normal favorable environmental conditions for germination
the germination of H. limosa was controlled by two environmental
factors:

1) anaerobic conditions and 2) light.

Anaerobic conditions:

Many workers have shown that several kinds of

seeds were capable of germination under reduced oxygen tension (2,
17, 43, 63).

Crocker et al.

(11) and Morinaga (44) reported that

the following seeds actually required anaerobic conditions for
maximum germination:

Alisma plantago-aquatica (Alismataceae),

Typha latlfolla (Typhaceae), Cynodon dactylon (Cramineae), Nelumbo

n
nucifera (Nymphaceae), and Trapa natans (Hydrocaryaceae).

Marler

(38) added H. limosa (Pontederiaceae) to this list of plants because
90-100% seed germination occurred in the absence of oxygen but only
20% germination occurred when 1% oxygen was present.

Respiration

studies by Marler (38) on H. limosa seeds indicated the involvement oi
the fermentative pathway as a source of ATP during germination.

The

seeds also possessed the enzymes for aerobic respiration pathway but
did not utilize the pathway until germination was completed.

Oxygen

uptake by H. Ijmosa seeds placed in air (at proper light and
temperature levels) indicated seed permeability to gases (38).
Light requirement:

Although many seeds, as previously described,

require light for germination; H. limosa seeds are unique in requiring
both light and an anaerobic environment simultaneously for germination.
In attempting to separate the light requirements from the anaerobic
requirements, Marler (38) placed seeds of jl. limosa in light under
aerobic conditions for three days and then transferred them to darkness
under anaerobic conditions for three more days; the seeds did not germi
nate.

He then reversed the conditions and again no germination was

observed.

He therefore concluded that light stimulation to germination

was accomplished under anaerobic conditions in these seeds.

He also

noted that under anaerobic conditions seeds exposed to red light germi
nated whereas seeds exposed to far red light showed no germination.

Diaz

(14) studied the quality as well as quantity of light required by H.
limosa seeds and found that 24-60 hr of irradiation with red light
2
(7.7 mW/cra /nm at 625 nm) promoted seed germination and that promotion
of germination increased from 625-662 run and decreased from 662-750 nm
with peak activities at 650 nm and 730 nm respectively.

Reproductive Floral Morphology
The monographic work of Solms-Laubach (66) presented a
comprehensive account of the floral morphology for the family
Pontederiaceae.

Tristyly is known to occur In three angiosperm

families including the Pontederiaceae (49).

Solms-Laubach (66)

reported that with respect to floral morphology, Pontederia,
Elchhornia azura and

paniculata were trimorphic; E. natans was

monomorphic and EL crassipes was dimorphic with long-stylous and
mid-styloustypes.

Heteranthera was apparently not heterostylous

according to Solms-Laubach, who stated that some species of this
genus had chasraogamous as well as cleistogamous flowers.

However,

East (15) reported H. reniforrois and H. limosa to be dimorphic and
heterostyled and H. zosterifolia to be dimorphic but heterostyled
and self fertile.

East (15) further reported that self-fertility

in heterostyled species of Heteranthera was weak.

Ornduff (49)

reported on floral morphology and breeding systems in genus Pontederia.
Seed Development
Coker (8) In 1907 reported on seed development in the family
Pontederiaceae emphasizing Jl. limosa and Pontederia species,

Penfound

and Earle (52) and Smith (65) published on seed development in
Elchhornia.

A brief review of megasporogenesis, and embryogenesis

for members of the family Pontederiaceae may be found in embryology
textbooks (for example,

12, 32).

The ovule was the forerunner of the seed.

An ovule was

attached to the placenta by the funiculus and enveloped by one or two
layers of integument which enclosed the nucellus (the nutritive
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tissue).

According to Davis (12),

ovule was of the anatropous type.

In the family Pontederiaceae the
In this type, the mieroyple and

hylum were near each other, as a result of recurving and unilateral
growth.

The ovule was also of the crassinucellate type in which

the archesporial cell cuts off a parietal cell, whose derivatives
caused the megaspore mother cell to become deep-seated and the
ovule usually developed a nueellar cap.
by the developing megagametnphyte.

The nucellus was consumed

There were two integuments

present in all members of the family Pontederiaceae, making the ovule
bitegmic.
formation.

Both layers of the integument were involved in mirropyle
The outer integument consisted of two layers of cells

in Eichhornia and Pontederla ovules
Female gametophyte:

(12).

Davis (12) summarized the female gametophyte

development for the entire family Pontederiaceae as follows.

The

archesporial cell in the ovule functioned as a megaspore mother
cell after cutting off a single parietal cell which formed a single
parietal layer below the epidermis.

The megaspore mother cell

underwent meiosis and the chalazal megaspore of a linear tetrad
developed into a Polygonum type embryo sac.

Tn the genus Monochoria,

the synergid cells in the embryo sac exhibited the filiform apparatus,
and the polar nuclei fused before fertilization, and the three
antipodal nuclei or cells were ephemeral, although their remains
constantly persisted in an antipodal pocket during postfertilization
stages.

Elchhornla and Pontederla also showed ephemeral antipodal cells.
According to Coker (8), in Heteranthera, the megaspore mother

cell was separated from the epidermis by a single parietal (tapetal)
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layer.

It enlarged before undergoing raeiosis.

occurred at the distal end of the cell.

First division

The second division

produced a large lower viable megaspore and three small potential
ones above.

The embryo sac elongated and the Polygonum type of embryo

sac developed.

Coker (8) also noted that antipodal cells persisted

in H. limosa and polar nuclei were large and conspicuous.
Endosperm formation:

Endosperm formation was helobial;

free nuclear

divisions took place in both chambers and were usually followed
by cell formation.

According to Ono (48), in the genus Monochoria,

after the first separation of the primary endosperm nucleus, the
embryo sac was separated into two unequal chambers; the micropylar
chamber was usually much larger than the chalazal chamber and a
cell wall was formed between the chambers.

hater, out of the has"

of the upper chamber two lateral haustoria appeared which consumed
the nucellar tissue and spread into the chalazal end.

Subsequently,

the upper endosperm chamber which had remained quite small until
then, extended between the two lateral haustoria which then degenerated.
The main part of the endosperm (upper chamber) became multicellular.
The basal chamber during endosperm development was pushed into the
chalazal area and it remained there as cell-wall-free cytoplasmic
material.

The chalazal chamber became cellular before degenerating

in Elchhornia, Heteranthera and Fontederia but the rest of the
endosperm development in these genera remained the same as for the
genus Monochorla (34, 48).
Embryogeny:

According to Johansen (32), fertilization did not occur

in IS, crassipes and no embryo was formed, but Barton and

15
Hotchkiss (2) and Penfound and Earle (52) have reported seed germina
tion in this genus.

In Pontederla cordata, a three celled linear

proembryo was produced; the middle cell appeared to be derived from
the basal cell.

The terminal cell was segmented longitudinally.

Subsequent embryological events classified this species as the
Muscari variation of the Astrad type according to Soueges (67).
The embryo log ical studies of M, hastaeiolia by Banerji e_t^ a^.

(1)

agreed with the above described process.
Extra-embryonic seed development;

In Lhe genus Heteranttcera , as

described by Coker (8) the axial embryo extended nearly the whole
length of the seed and was surrounded by a large-celled endosperm
densely packed with starch.

The nucellus was entirely utilized

except for the micropylar cap and the aleurone layer of the endo
sperm which was in immediate contact with a heavy cellulose membrane
secreted by the inner integument.

The inner integument was crushed

and its cells filled with deeply staining material.

On the outside

of the inner integument, another heavy cellulose membrane was
secreted by cells of the outer integument.

The outer integument

consisted of two layers of cells; the outer layer composed of
rectangular thin walled cells which did not change in appearance; the
inner layer consisted of cells which by divisions in the anticlinal
plane became narrow and elongated perpendicular to the long axis.
According to Coker (8), in this inner layer, the walls parallel
to the long axis were higher at. the ends than the center and their
edges dipped inward in a regular curve.

Cells of the outer layer

of the outer integument followed this curve resulting in a channeled
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and ridged seed surface.

The cells of the inner layer were living

and multinucleate in mature seed.
Fine structure of the aleurone layer:

Many monocotyledonous plant

seeds have been characterized by the presence of an aleurone layer
surrounding the endosperm and the embryo.

The aleurone tissue in

barley seeds was reported to be 3-4 cell layers thick (33,

30)

whereas in wheat it was 1 cell layer thick over the periphery of
the starchy endosperm (6),

Involvement of aleurone cells with

the gibberellic acid triggered production o f - a m y l a s e for starch
hydrolysis in barley seeds raised a great deal of interest in the
ultrastructure of aleurone cells and the mechanism of hormonal

function

in the aleurone cells.
According to Buttrose (6), the aleurone cells of wheat
contained large and structurally complex aleurone grains which origin
ated as small single deposits within vacuoles in young aleurone cells
at about two weeks after flowering,

Paleg and Hyde (50) who studied

ultrastructure of barley aleurone cells prior to and after treatment
with gibberellic acid found that the aleurone cells had thick cell
walls and dense cytoplasm at maturity.

Jones (33) described in

detail the fine structure of barley aleurone cells and agreed with
Paleg and Hyde (50) regarding the presence of thick cell walls
(10-30 pm) and non-vacuolate protoplast of aleurone cells.

The

ultrastructural morphology of aleurone cells was characterized by
the presence of aleurone grains and spherosomes.

In addition,

these cells contained microbodies, a rough endoplasmic reticulum with
many polyribosomes, and aleurone grains which were surrounded by a
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single unit membrane and contained undefined globoid and crystalloid
regions.

Details of the aleurone cell fine structure are discussed

further in the Discussion.

MATERIALS AND METHODS

Very young to mature flowers and seeds of H. 1imosa Wllld.
were collected during the growing season
1973.

(summer) of 1972 and

Collections were made from numerous plants growing in rice

fields at the LSU Experiment Station, Crowley, Louisiana and from
plants kept either in a growth chamber or a greenhouse (Botany
Department).

Routine attempts to produce seed bearing H. 1imosa

plants from seed were unsuccessful; the seedlings did not develop
beyond the two leaf stage.

Seeds were stored during the period of

study in the manner described by Marler (38).
I.

Physiological Methods
The germination chamber used was similar to one used by

Diaz (14).

It consisted of an inverted Brewer's anaerobic petri-

dish cover and a glass plate.

The seeds were placed on the surface

of a IX water agar medium which filled the central depression of
the dish.

Freshly made aqueous alkaline pyrogallol (2.5 ml 20%

KOH + 2 ml 40% pyrogallol) was poured in the outer well to provide
anaerobic conditions.

Multipurpose grease (Quaker Motor Oil Company)

was used for sealing the glass plate over the dish.

These chambers

were kept under the appropriate conditions specified for each experiment.
White light was obtained by using two fluorescent tubes (G.E.
F40 cool white) in a growth chamber or in the laboratory.

The intensity

at the seed surface was 830 fc as measured by a photoelectric light
meter with an energy o',fpnt of

6

mW/cm /nm at 625 nm wavelength as
18
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measured by the Model SR spectroradiometer (Instrumentaion Speciality
Co., Lincoln, Nebraska).
Light intensities lower than this (the above) resulted in a
decrease in percent germination; therefore, lower intensities
were not used in this study.

Preliminary work indicated that the seed

germination percentage increased with increase in light exposure
time up to 132 hours.

Increased exposure time beyond 132 hours did

not increase percent germination.
The red light source was a cool white fluorescent lamp (15
watt) wrapped with 2 layers of red cellophane paper (Dennison
Manufacturing Co., Farmingham, Mass.).
using the Model SR spectroradiometer.

This light source was calibrated
Energy output of the red

2

light source at 625 nm wavelength was 4.5-5 mW/cm /run at the seed
surface.
A..

Embryo Isolation Experiments
In order to determine whether seed dormancy was controlled

by the seed-coat or by the embryo in li.

1

imosa seeds, entire embryos

were isolated from the seeds under aseptic conditions by microsurgery.
To facilitate dissection seeds were glued to white index cards
using "five minute" epoxy resin (Elmer's Superfast Epoxy, Borden
Inc., N. Y.),

The operation and subsequent handling of the extracted

embryos was performed under a green safe light (two 15 watt cool white
fluorescent tubes wrapped with

2

layers of green cellophane paper).

The seed-coat was slit lengthwise with a sterile razor blade, the
endosperm was loosened with sharpened fine insect pins, and the
embryo was then lifted out of the seed-coat.

The isolated embryos
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were measured prior to any treatment and then placed on sterile
filter paper moistened with either sterile distilled water or
sterile White's modified medium containing 2% sucrose and 1% agar
(37).

The incubation period was 3 days at 30°G under continuous

light with an intensity of
chamber.

2000

fr at the seed surface in a growth

Growth was recorded as the amount of elongation and tfie

extent of embryo differentiation (I.e. the production of a shoot and
root system).

The isolated embryos placed on sterile water agar

or sterile filter paper moistened with distilled water were used
aa controls.

The treatments were aerobic and light, aerobic and

dark, anaerobic and light, and anaerobic and dark as specified for
the experiment.

The plates were wrapped twice in aluminum toil for

dark experiments and then stored in the growth chamber.

Approximately

200 isolated embryos were used in this experiment, 33 embryos/
treatment.
B.

Effeets of Cellulase and Pectinase in Indueing Seed Germination
Three month old seeds collected during the summer oi 1973 were

used for this experiment.

Seed viability was 80%.

The enzymes

cellulase and pectinase (Nutritional Biochemical Corp., Cleveland,
Ohio) which were known to be active were used separately and
together.

Enzyme solutions were prepared using 0.2 M phosphate

buffer at pH

6

.8 .

Three enzyme concentrations (1 ppm, 100 ppm,

and 1000 ppm) were used.

Seeds were soaked in 3 ml of the enzyme

solution under aerobic or anaerobic conditions in the dark for 3,
10, 15, and 20 days.

The controls were seeds kept under light-

anaerobic condition, dark-anaerobic condition, light-aerobic condition
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and dark-aerobic condition.

An average of 50 seeds

was

used for

each treatment; each treatment was replicated three times and the
entire experiment replicated three times,
C.

Detection of Photoreceptors
To detect the presence and location of photoreceptors in light

sensitive seeds of H,

1 imosa ,

the seeds were coated with opaque

paint so that only certain areas of the seed were exposed to light.
Seeds were painted in three different ways:
the seed painted,

2

1) trap-door end of

) chalazal end of the seed painted, and

entire seed painted.

Unpainted seeds were used as controls.

3)

Due

to small seed size, more or less half of the seed was painted in
each treatment.

Paint used was "Treekote" brand tree wound dressing

emulsion (a product of Walter E. Clark and Sons, Orange, Connecticut
06477).

A mixture of tree wound paint and India ink was also used

to paint seeds entirely.

For monitoring light passage through paint,

painted coverslips were used and these indicated that zero light
energy was passing through paint, when measured with a spectroradiometer.
Painted and unpainted seeds placed in light or dark, aerobic
or anaerobic conditions were used as controls.

Seeds were exposed

to white light (832 fc) for 132 hr, 48 hr of red light
cm /nm)

or no light.

(4.5-5 mW/

Other seeds were subjected to white light

with exposure time of 12, 24, 48, and 132 hours.

After exposure to

light for the appropriate time, the seeds were stored in the dark at room
temperature until 132 hours had elapsed; then all treatments were counted.
One percent water agar was placed in the raised area of the Brewer's
petri-dish to provide a continuous supply of moisture to the seed.
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Filter papers soaked with water were inadequate for keeping moisture
in close contact with seed because it evaporated and easily condensed
on the covering glass plate.

Each treatment was replicated three

times using an average of 50 seeds/treatment.

The entire experiment

was repeated three times.
II.

Anatomical and Ultrastructural Methods.
Numerous flowers of various ages were collected and fixed for

a minimum of 24 hours in FPA^q, FAA, or CrAF III.

After fixation,

the whole flowers and dissected ovaries were transferred to screwcap vials and stored in 70% ethanol.

Whole ovules, cleared in a

solution consisting of lactic acid, chloral hydrate, clove oil,
phenol and xylene in a ratio of

2

:2 :2 :2 :1 , provided the material

for study of early ovule development, megasporogenesis, and megagame togenes is .

The cleared ovules were transferred to a drop of

clearing fluid on a Raj slide (25, 64) covered with a coversllp and
viewed with a Leitz Orthomat-Orthoplan phase microscope.

Ovules in

all stages of anatropous development tend to lie sideways on the
slide; that is, with the long axis of the nucellus parallel to the
slide surface.

Downward focusing, therefore, revealed the ovule

through a series of sagittal sections.

By slightly shifting the

coverglass, one could reorient ovules in early stages of development
for optical sections in both frontal and transverse planes.

This

ovule-clearing technique worked well for studying ovule and integument
Initiation, hypostase development and megasporogenesis.
Entire young flowers and dissected ovaries killed and fixed in
FAA or CrAF III were dehydrated in a tertiary butyl alcohol series and
embedded in "Paraplast '1 (31).

The material embedded in paraffin was

sectioned at

8

pm thickness on an 820 Spencer rotary microtome and

differentially stained with Safranin-Fast green stain (57) supple
mented with crystal violet.

Sections were mounted in "Fennount"

(Fisher Scientific Company, Fair Lawn, New Jersey).
Because of plasmolysis in the ovule tissue and the presence
of crystals and raphides in the ovary wall, the paraffin-embedded
tissue proved to be difficult to section with the rotary microtome.
An alternative technique using glutaraldehyde for killing, plastic
medium for embedding and an ultramicrotome for sectioning was
substituted with excellent results.

Ovules collected prior to or

after fertilization were dissected out of the ovary in a solution of
3.5% glutaraldehyde in 0.2 M phosphate buffer at pH

6

.8 .

These ovule

were ther fixed In fro^h 3.5% phosphate buffered glutaraldehyde,
pH

6

.8 , at 4°C for 2 hours, rinsed 3-4 times with cold 0.2 M phosphat

buffer, pH
overnight.

6

.8 , at 15 minute intervals, and left in the final rinse

The material was post-fixed with 1% OsO^ at 4°C for 1-2

hours, rinsed in cold phosphate buffer for two hours with several
changes of solution, dehydrated through a graded ethanol series,
transferred to reagent-grade acetone and then embedded.

Glycol

methacrylate, "Maraglas", and Spurr's plastic were all tried as
embedding media.

Although ten percent acrolein was also used as a

fixative followed by methacrylate or "Maraglas" embedding (20),
killing and preserving of the tissue was inadequate.

Therefore

3.5% glutaraldehyde and Spurr's plastic were used for the final
work.

Good fixation of the tissue was obtained only by exposing

a cut surface of the ovule to the action of the chemical
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fixative.

The plastic-embedded blocks were sectioned with a

Sorvall MT-2 Ultramicrotome at 0.2 um thickness using glass knives.
The sections were mounted on a glass slide in water, stained either
with IX toluidine blue
safranin followed by

0

0

in aqueous boric acid or with 0,5% aqueous

.2 % aqueous toluidine blue

0

at 60°C (16).

Seeds at various stages of germination were also prepared in this
fashion for sectioning.

Thin sections were mounted on uncoated

300 mesh copper grids, post stained with 5% uranyl acetate in 1%
acetic acid and 50% ethanol and Reynolds'

lead citrate stain (13)

and observed with a Hitachi HU-11A electron microscope operating at
75 KV.
Histochemical conclusions regarding the seed-coat composition
and the nature of cytoplasmic Inclusions were based on the staining
of sectioned material with aqueous 1% toluidine blue 0.

Interpreta

tion of the histochemical analysis was based on earlier work of
O'Brien e^ al. (46). Sakai (56), and Paulson et al_. (51), who
used toluidine blue

0

as a polychromatic stain.

Marler's histo

chemical results (38) were also used for identification of suberin,
lignin, and cellulose in the seed-coat.
Sectioned material was photographed with a beitz OrthomatOrthoplan photomicroscope camera with brightfield illumination;
cleared ovules, with phase contrast.

High contrast copy film was

found to be superior to Panatoraic X film for photographing 0.2 um
thick sections.

Ovule size was measured on approximately median

longitudinal sections and from cleared ovules utilizing a calibrated
ocular micrometer.
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Developing, mature,and germinated seeds were prepared for SEM
study by killing and fixing the tissue in 10% acrolein at 4°C,
dehydrating in a cold graded ethanol series, transferring to amyl
acetate and critical point

dried

(7,

a Denton Critical Point Dryer DCP-1.

16, 26) with liquid

00

., using

The seeds were then mounted

on aluminum or brass stubs using silver paint

(Ted Pella Co., Tustin,

California), gold coated (10-20 nm thickness) using a Denton 500
Vacuum Evaporator, and observed with a Jeolco JSM-2 scanning electron
microscope operating at 25 kv.
Polaroid type 55 P/N, 4 x 5

The observations were recorded on

film.

RESULTS AND DISCUSSION

I.

Physiological Studies
A.

Embryo Isola t ion F.xper iment_s
Growth of the isolated embryos was found to be best on White's

modified medium (37) in the presence of light under aerobic conditions.
Under these conditions, within five days the isolated embryos elongated
13-14 times their original length, two leaves were produced and a weLl
differentiated root system was observed in 63% of the isolated embryos.
In the absence of light, under aerobic conditions and on White's
modified medium, the isolated embryos elongated 4-5 times their original
length but did not produce leaves or roots.

When these embryos were

subsequently exposed to light for five days, shoot and root systems did
develop in 50% of the embryos.

The average length of the embryo when

extracted from H. 1imosa seed was 600 :mu The isolated embryos did not
elongate or differentiate

in sterile distilled water under any of

the conditions tried.
Only 30% of the isolated embryos placed on White's modified
medium under light and anaerobic conditions, showed some elongation
(4 times their original size), and none (including those which had
elongated) differentiated.

However, when transferred to aerobic

conditions these same elongated embryos did differentiate.
Under anaerobic conditions and in the absence of light, the
isolated embryos showed no differentiation or elongation.

Growth

conditions and results of these experiments are presented in Table 1.
The removal of the seed-coat allowed the embryo to develop and
26

differentiate into a plant under aerobic conditions in the presence
of light.

The embryo is neither dormant nor immature, since it

elongates and differentiates well when removed from the seed.
Thus, the germination requirement for light and anaerobic conditions
(38)

in H. liraosa seed must be associated with the seed-coat

which appears to be a barrier to the growt.ii ci the embryo in the
process of germination.

Table 1.

Effect of environmental conditions on excised and isolated
embryos of I). 1 imosa Willd, 5 days after isolation.

Treatment

Average length
of embryos
(mm)

X embryos
showing change
in length

Sterile distilled 1^0
Light and aerobic

0.6

0

Sterile distilled H 2 O
Light and anaerobic

0.7

0

White’s nutrient medium
Light and aerobic

14.0

63

White’s nutrient medium
Light and anaerobic

4.0

30

White's nutrient medium
Dark and aerobic

5.0

50

White's nutrient medium
Dark and anaerobic

0.6

B.

0

Effects of Cellulase and Pectinase in Inducing Seed
Germination
Germination of photosensitive seeds of

H. llmosa is

promoted by red light but inhibited by far red light.

Marler

(38)
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suggested that the weakening of the cell walls at the trap door
could be caused by enzymatic breakdown of cell wall constituents
such as cellulose which he identified in the seed-coat.

In order

to test his hypothesis that light could induce production of enzymes
such as cellulase and pectinase among others for cell wall separation,
experiments were carried out in which exogenous active cellulase
and/or pectinase was supplied to the seed in the absence of light,
under aerobic or anaerobic conditions.

Results are presented in

Table 2.
Germination of seeds was not induced by external treatment of
the seeds with enzyme solutions at the three concentrations tested.
As shown in Table 2, light and anaerobic conditions were essential
for seed germination.
these conditions.
a

Eighty percent germination was normal under

The seed-coat of H. 1imosa is so resistant that

day treatment with enzymes produced no detectable softening

20

effect.

The possibility that enzymes injected internally would

induce germination as in the case of photosensitive lettuce seeds
(28), prompted similar treatment of H. llmosa seeds.

However, such

treatments were not successful probably because the injection
needle induced lethal damage to the embryo of the treated seed.
C.

Detection of Photoreceptors
The results of the experiments designed to study the effect

of exposing various areas of the seed surface to light are presented
in Tables 3, 4, and 5.
light

(6

mW/cm'Vnm

As shown in Table 3, under continuous white

at 625 nm wavelength) for 5-1/2 days, painting

of the seeds reduced the percent of germination.

For seeds in which
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Table 2.

Effect of cellulase and/or pectinase on germination of
H. limosa seed.

Treatment_________________ _____ % Germination _____
Days
5th 10th 15th 20th

Light, anaerobic control
Dark, anaerobic control
Light, aerobic control
Dark, aerobic control
Dark, anaerobic + lppm cellulase
Dark, anaerobic + lOOppm cellulase
Dark, anaerobic + lOOOppm cellulase

80

80

0

6
0

80
7
A
5

80
7
A
5

0

A

0
0

0

0

0

0

0

0

0

0

0

0

0

Dark, aerobic + lppm cellulase
Dark, aerobic + lOOppm cellulase
Dark, aerobic + lOOOppm cellulase

0

0

0

0

0

0

0

0

0

0

0

0

Dark, anaerobic + lppm pectinase
Dark, anaerobic + lOOppm pectinase
Dark, anaerobic + lOOOppm pectinase

0

0

0

0

0

0

0

0

0

0

0

0

Dark, aerobic + lppm pectinase
Dark, aerobic + lOOppm pectinase
Dark, aerobic + lOOOppm pectinase

0

0

0

0

0

0

0

0

0

0

0

0

Dark, anaerobic
cellulase and
Dark, anaerobic
cellulase and
Dark, anaerobic
cellulase and

+ mixture of
pectinase, lppm each
+ mixture of
pectinase, lOOppm each
+ mixture of
pectinase, lOOOppm each

0

0

0

0

0

0

0

0

0

0

0

0

Dark, aerobic *
cellulase ami
Dark, aerobic -t
cellulase and
Dark, aerobic
cellulase ami

mixture of
pectinase, lppm each
mixture of
pectinase, lOOppm each
mixture of
pectlnaBe, lOOOppm each

0

0

0

0

0

0

0

0

0

0

0

0
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the trap door was painted, germination was 70%; for the unpainted
seeds, 84%; and for the chalazal-end-painted seeds, 55%.

Although

the percent of germination was reduced in painted seeds, the seeds
did obtain sufficient light energy to trigger the germination
process.
The unpainted as well as the painted seeds also germinated
under red light (4,5-5 mW/cm /nm
(Table 4).

at 625 nm, 48 hour exposure time)

The same percentage of germination was observed in the

case of unpainted, trap-door-painted, and chalazal-end-painted
seeds.

Germination, however, was significantly reduced to 14% in

completely painted seeds.

Thus, one can say that red light induces

germination but 48-hour exposure time was insufficient

to induce

normal 80% germination.
When seeds were exposed to white light for various durations,
twelve hours time was found to be insufficient, only

11%

of the

unpainted seeds germinated.

None of the painted seeds germinated

after 12 hours of exposure.

At 48 hours exposure, the unpainted seeds

showed 45% germination whereas painted seeds showed little or no
germination.

After light exposure of 132 hours, the germination

of unpainted seeds reached 87% level; trap-door-painted seeds had
71% germination; chalazal-end-painted seeds, 58%, and entirely
painted seeds had 41% germination (Table 5).
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Table 3.

Germination in painted seeds of i[. 1 imosa under continuous
white light (6 mW/cm^/nm) and anaerobic conditions.

Seed Treatment

% Germination

Light

Exposure Time
(Hours)

Whi te

132

Unpainted seeds

84

Whi te

132

Trap door painted

70

White

132

Chalazal end painted

55

White

132

Entirely painted

44

White

132

Entirely painted with
paint and India ink mixture

41

Dark

132

Entirely painted

CJ

Dark

132

Unpainted seeds

0

Result s are an average of three experiments, 50 seetfe pe r t reatment.

Table 4

Light

Germination in painted seeds of H. limosa in red light
(5 mW/cm^/nm) for 48 hours under anaerobic conditions.

Exposure Time
(Hours )

Seed Treatment

% Germinat ion

Red

48

Unpainted seeds

34

Red

48

Trap door painted seeds

39

Red

48

Chalazal end painted seeds

41

Red

48

Entirely painted seeds

14

Red

132

Unpainted seeds

82

48

Unpainted seeds

0

Dark

Results are an average of three experiments, 50 seeds per treatment.
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Table 5.

Effect of white light exposure duration on germination of
variously painted seeds under anaerobic conditions.

White Light
Exposure Time
(Hours)

Seed Treatment

Germination
X
Time
Cerminat ion
(Hours)

12

Unpainted

132

11

12

Trap door painted

1 32

0

12

Chalazal end painted

132

0

12

Entirely painted

132

0

24

Unpainted

132

6

2k

Trap door painted

132

3

2k

Chalazal end painted

132

3

2k

Entirely painted

132

0

48

Unpainted

132

45

48

Trap door painted

132

9

48

Chalazal end painted

132

3

48

Entirely painted

132

0

132

Unpainted

132

87

132

Trap door painted

132

71

132

Chalazal end painted

132

58

132

Entirely painted

132

41

Results are an average of

four replicates of 25 seeds per replicate.

33
II.

Morphology and Anatomy of the Ovule and Seed Development.
A.

Morphology
fl.

1 Imosa

seeds usually germinated in flooded rice fields,

and the submerged seedling leaves were spatulate (Fig. 1).

The

first floating leaves were formed approximately two weeks after seed
germination;

the blade on these leaves was oblong to lance-oblong,

and obtuse at both ends (Fig. 2).

A single white flower was formed

in a spathe which splits laterally

at the base of the petiole.

The flower had a

with aslender tube; it was

free

The tepals were ephemeral, withering

away

6 -merous

from the ovary (Fig. 3).
after fertilization.

perianth

The capsule dehisced approximately 13 days

after fertilization to release about 200 to 300 mature seeds.
B,

Ovule Development
Due to the unusual requirements for seed germination of h.

1 imosa,

it became imperative to look into the processes which lead

to seed formation.

The morphological and histological changes that

occur in the ovule during development, fertilization, and seed
production were studied.

In the ovary, each ovule was attached to

the placenta by a stalk called the funiculus.

The ovule consisted

of a nucellus, surrounded by an ovular envelope consisting of two
layers of integument.

H, limosa ovules developed in large numbers

from the placenta of the ovary (Fig. A).

The ovules were of the

anatropous type in which the microyple and hilum were near each
other as a result of curving and unilateral growth.

The primordium

of an ovule arose by periclinal divisions in the hypodermal layer
and was followed by anticlinal divisions (Fig. 5 and

6

).

The ovule
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primordium (Fig. 7) rapidly increased in size.

A single hypodermal

initial was responsible for giving rise to the primary sporogenous
cell or megasporocyte ("HI" in Fig, 8).

The hypodermal cell first

divided unequally in the periclinal plane into a small outer parietal
cell and a large inner primary sporogenous cell (the archesporial
cell)

(Fig. 9).

The ovules were about 54 pm long and 32

at this early stage In a young flower bud.

pm

wide

The primary sporogenous

cell functioned as a megasporocyte while the parietal cell gave
rise to the nucellar cap.

At this time, initiation of the inner and

outer integuments started below the level of the archesporial cell
as

2

rim-like outgrowths from the surface cells of the nucellus

(Fig. 10) and the inner integument differentiated earlier than the
outer.

Primordia of both integuments arose independently at Lhe

base of the young nucellus (Fig. 11).

Each integument primordial

cell divided once anticlinally to give rise to a two-cell-thick
integument

(Fig. 12).

at this stage.

The ovules were approximately 75 pm long

II. 1 imosa ovules were bitegmic.

Eventually the

outer integument outgrew the Inner one.
As the integuments continued to envelope the nucellus,
meiosls and cytokinesis In the megasporocyte resulted In a linear
tetrad of megaspores.

Only the chalazal-end megaspore survived

to give rise to the megagametophyte or embryo sac.
about

100

The ovules were

pm long at this stage.

The embryo sac development was of the Polygonum type.

The

remaining functional megaspore enlarged and divided mitotically to
give rise to a two-celled embryo sac (Fig. 13).

The four-celled
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stage followed (Fig. 14), when the ovules were approximately 145 um
long.

Finally, the eight-celled monosporic embryo sac developed

(Fig. 15).

In the mature embryo sac, the three antipodal ceils

occupied the chalazal region.

Fusion of polar nuclei in the central

portion formed a conspicuous secondary nucleus.

The egg cell and

synergid nuclei were located at the micropylar end of the embryo
sac (Fig. 15).

The mature embryo sac was approximately 40 ;im long

in the ovule which was 275 to 300 um long and 89 pm wide.

The iuniculus

at thlB stage appeared 4-5 cell layers thick and contained a single
vascular bundle to the ovule.
A hypostase developed when the megagametophyte was in the
four-cell stage; it surrounded the embryo sac (Fig,
time, a

11. 1 imosa

16).

ovule consisted of a biseriate (two-cell

At this
layer

thick) outer Integument, a biseriate inner integument, a parietal
layer and the nucellus tissue.

The eight-celled embryo sac was

located in the nucellar tissue, crowned by the nucellar cap (Fig. 16).
Changes in both integument layers began simultaneously with
embryo sac maturity.

The cells of the second or inner cell-layer of

the outer integument divided anticlinally and began differentiation.
The anticlinal divisions increased the number of cells in this layer.
Cells of the nucellar cap at the micropylar end remained large and
distinct.

Many cells in the placenta of the ovary started to

accumulate raphides.
C.

Seed Development
After double fertilization occurred in the embryo sac, many

changes occurred in the ovule.

Zygote formation followed fertilization
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(Fig. 17); the zygote underwent mitotic division to form a proembryo
(Fig. 18).

The primary endosperm nucleus developed from fusion of

polar nuclei with one of the male nuclei (Fig. 17).

The endosperm,

which serves as a nutritive tissue for the developing embryo, was
fanned as a result of repeated divisions of the primary nucleus.
The helobial type of endosperm development was present in the members
of family Pontederiaceae

(12,

32, 34) to which IL 1imosa belongs.

The endosperm cells contained starch grains and the entire endosperm
was circumscribed by the cells of the parietal layer.
of cells persisted in the mature seed.

This layer

Coker (8 ) called this layer

of cells the aleurone layer of endosperm.

The nucellus, the

nutritive tissue of the female gametophyte, was mostly absorbed and
crushed during embryo development; only the nucellar cap survived,
crowning the embryo at the micropylar or the trap-door end of the seed.
In the developing seed, the inner Integument was mostly crushed
by the outer integument.

Marler

(38) identified the inner integument

in a mature aeed as two layers of non-staining material bound by an
outer integument and by the endosperm.

Careful observation of

developing seed sections showed that in addition to the non-staining
layers there was another layer of cells between these two layers.
But very little of the inner integument could be seen in the mature
seed.

The non-staining layer mentioned in Marler's work (38) was

the cuticle of inner integument surrounding the endosperm and the
embryo; it stained blue green with toluidine blue

0

, suggesting the

possibility of the presence of pectic substances In this layer.
Cuticle has been reported from many seeds (19), and Tilton (72)
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recently reported that the cuticle surrounded the inner integument
and nucellus in Agave parryi seeds.

At the micropylar end of the

ovule, the cells of both integuments underwent changes to form the
trap door and a spine at the tip of the seed (Fig. 19).
formation

began

(Fig. 19-21).

Trap door

approximately eight days after fertilization

Cells of the nucellar cap persisted during trap-door

formation (Fig. 20).

The trap door was several cell layers thick,

and the outermost cell layer had a thick cuticle (Fig. 20).

At

this time, enlarging endosperm progressively crushed the nucellar
tissue so that some nucellar tissue was seen adjacent to the inner
integument (Fig. 22, 23).

The cells of the nucellar cap encircled

the embryo at the trap door end.

These nucellar cells did not appear

to have vacuoles and large cell inclusions (Fig. 30).
Both layers of the outer integument underwent changes as
shown in Fig. 18 through 23.

The outer integument was two cell layers

thick except at the summit, and a few of the larger cells of the outer
integument had dark inclusions (Fig. 27).

The inner layer of the

outer integument also underwent extensive changes.

The cells became

much elongated perpendicular to the long axis of the seed and appeared
to be flattened in the opposite direction (Fig. 28 and 29).

In a

seed near maturity, innermost and the radial walls of the cells
of the inner layer of outer Integument became thick and the walls
adjacent to the outer layer remained thin (Fig. 30).

The cells of

the outer layer of the outer integument became lignified and suberized
as indicated by Marler's histochemical tests (38).

The inner

integument appeared to be surrounded by clear regions on each side
which were probably wall material (Fig. 30).
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As the seed approaches maturity, only 2-4 cell layers could
be seen in the trap door region (Fig. 24, 25, and 26).

The cuticle

layer containing pectic substances was visible in Fig, 27 (indicated
by arrow).

The trap door was 2-4 cells thick and the innermost thick

wall (mentioned earlier) at the inner layer of the outer integument
was interrupted at the trap door region.

These cells were not

multinucleate as mentioned by Coker (8 ),
At maturity, cells of the unlseriate layer of nucellar cells
bordering the endosperm (endosperm sheath)

(Fig. 31 and 32) may

contain aleurone grains as reported by Coker ( 8 ).

These cells

filled with lipid granules had a large nucleus embedded in the
cytoplasm (Fig. 33).
The seed-coat cells in a mature seed had cellulose deposits
on part of the cell wall (Fig. 34); the cell wall was

8

yjm at its

thickest area and 0.16 Mm at its thinnest (Fig. 35).

Lignified and

suberized walls of the seed-coat stained blue-green with aqueous
toluidine blue 0.

Marler*s (38) histochemical tests on the seed-

coat were also positive for suberin, lignin and cellulose.
Ultrastructure of nucellar layer cells surrounding the endosperm
in a mature seed showed the cells to be filled with many small
inclusions, which most likely were lipid granules, about 55 mu145

mu

in diameter.

These did not appear to be membrane-bounded

(Fig. 36 and 37).
In a germinated seed, the trap door appeared to be forced
open by the elongating radicle (Fig. 38).

The opening of the trap

door was facilitated by the enzymatic weakening of the seed-coat and
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the cells of the seed-coat along a circular line cleanly separated
away from each other during germination as indicated by
Fig. 38.

2

arrows in

The cells of the nucellar cap remained attached to the trap

door during the opening.
lipid granules (Fig. 39).

The nucellar cells were also filled with
The trap door margin

is

shown at the 2

pointers (Fig. 40) where the notches were found in the seed-coat
(Fig. 28 and 41),

These notches were indentations in the cuticle

layer and these may be the weak points at the trap door region.
Progressive disintegration of cell contents in the seed-coat cells
occurred as seeds approached maturity (Fig. 34 and 35).
In the germinated seeds, the nucellar cap cells also had large
cytoplasmic inclusions as indicated by the double arrows in Fig. 42.
These did not appear to be vacuoles as no tonoplast could be seen in
observation of these large cell inclusions by transmission electron
microscopy (Fig. 43).

At the light microscopic level, these inclusions

stained bluish-green with toluidlne blue
of the proteinaceous nature of

0

, which raises the possibility

inclusions, as reported by Srivastava

and Paulson (6 8 ) for lettuce embryo cells.
sions measured up to 38 pm in diameter.

The larger of these inclu

The cells bordering the endo

sperm, when observed at higher resolution, had thick cell walls and
many lipid granules (1 - 2 pm in diameter) lining along the cell
periphery.

A nucleus and endoplasmic reticulum were also observed

but mitochondria, Golgi apparatus and plasmalemma were not (Fig.
44).

Fixation and preservation of the cytoplasmic contents was not at

Its best as seen in the micrograph •
As mentioned earlier, trap door formation began
fertilization.

8

days after

It took approximately 15 days for the seeds to develop

AO
after fertilization.

The seed-coat cells at the raicropylar end were

raised and came together to form the trap door (Fig. A5).

The micropylar

opening persisted at the summit until the 14th day; small depressions
between cells were also visible at this time (Fig. 45).
depressions could be drying artifacts.

These small

In surface view, trap door cells

did not appear very different from other seed-coat cells.

Critical point

drying was essential to preserve tissue at early stages of seed develop
ment because if the seed-coat was already lignified and suberized,
unprepared and unfixed specimens could be observed in SKM without any
cell damage caused by the beam.

Thus 1 ignification and soberization of

the outer layer of the seed-coat must occur late in seed development,
D.

Scanning Electron Microscopic Observations of the Mature Seed
Surface, Internal Structure and Germination

The H. limosa seed was approximately 800-900 um long and 500 uni in
diameter.

The axial embryo was situated parallel to the linear axis of

the seed surrounded by the starchy endosperm and the seed-coat.
door was located at the micropylai end.

The trap

Ridges and grooves on the seed

were present parallel to the long axis of the seed (Fig. 46),
door was approximately 200 um in diameter (Fig. 47).

The trap

At a young stage

(Fig. 21) the cells at the micropylar opening became appressed and closed
the opening as seeds matured.
seeds (Fig, 47, 48).

The opening was not visible in mature

Cross section of a mature seed showed that the

embryo was in the center of the seed surrounded by starch-filled endo
sperm which in turn was enclosed by the seed-coat (Fig. 49).
of the seed-coat revealed
that there were only

11

11

or

to

12

12

An examination

ridges on the seed surface and it appeared

cells in the circumference of the entire
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seed, one cell between every 2 ridges (Fig- 50).

This was also

reported by Coker (8 ).
When seeds of H_. limosa were placed under light and anaerobic
conditions with sufficient moisture,

the germination process pre

sumably began immediately if these seeds are comparable to other known
photoblastic seeds; however, no noticeable change was visible on
the seed surface until 72 hours after the germination procedures were
initiated.

At 72 hours, the trap door was slowly forced open at the

weak point of its attachment (Fig. 51) by pressure of the elongating
embryo.

Cells of the trap door appeared to make a clean break

(Fig. 51).

This indicated that the trap door cells were separated

enzymatically rather than mechanically-

Radicle emergence continued

and the trap door was pushed fully open (Fig. 52 and 53).
III.

Discussion
Seed dormancy initiated by the phytochrome system plays a

vital role in the survival of numerous plant species (10, 76).
For example, one may consider weed seeds lying under a canopy of
foliage which are exposed only to far red light as the red light is
absorbed by the foliage.

The far red light is then absorbed by the

active phytochrome of the weed seed.

This results in conversion

of active phytochrome to the inactive form and inhibits seed germina
tion (71).

A comparable process was observed in rice fields where

ji. limosa was found.

In a field with a thick stand of rice, very few

II. limosa plants were present, whereas, the weed was abundant in
fields with poor rice stands.

That H. limosa seeds exhibit phytochrome

mediated dormancy has been amply demonstrated by Marler (38) and
Diaz (14).
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On the basis of evidence provided by Marler (38) and observa
tions presented in this work, it appears that seed dormancy in H,
limosa is due to the properties of the seed-coat rather than to any
interim properties of the embryo.

It appears reasonable to tentatively

assume that dormancy is maintained at least in part because the
seed-coat functions as a mechanical restraint inhibiting embryo
elongation.

These observations appear to be in agreement with the

conclusions reached by Ikuma and Thimann (28) concerning lettuce
seed dormancy.

In lettuce seeds, lkuma and Thimann (28) indicated

that the fruit coat makes only a minor contribution to the dormancy
of the seed.

The results of their experiments led them to conclude

that the effect of light is exerted primarily on the mechanical
properties of the endosperm and the seed-coat layer.
of red light to induce germination apparently

The ability

triggers

the production

of enzymes in the hypocotyl whose action enables the tip of the
radicle to enzymatically penetrat*- through the seed coat

(28).

As indicated by the embryo isolation experiments, isolated
H. limosa embryos elongate
conditions, but light

is

in either light or dark under aerobic
necessary for differentiation as isolated

embryos did not differentiate in a dark, aerobic environment but did
develop a shoot and root system under light, aerobic conditions.
Anaerobic conditions

are

not as favorable for embryo elongation or

differentiation since only 30% of the isolated embryos elongated
under light and anaerobic conditions, whereas 80% seed germination was
observed under these circumstances (Table 1).

Apparently embryo

elongation and embryo differentiation are two separate events in
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germination, one requiring more of an anaerobic environment and the
other requiring more of an aerobic environment in H. limosa.

Thus,

the presence of a fully mature embryo and the absence of internal
inhibitors rule out the possibility that the cause of dormancy is
some feature of the embryo.

Removal of the seed-coat alone without

endosperm removal was not possible.

But as preliminary work of

Marler (38) and my observations indicated, cracked seeds germinated
regardless of light and anaerobic conditions, thus removing the
possibility of the endosperm inhibiting germination.
Seed germination was not indured by external treatment of
the seeds with enzyme solutions at the three concentrations tested
(Table 2).

The solutions of active cellulase and/or pectinase used,

covered a wide range of enzyme concentrations.

The negative results

were probably due to the existence of an impervious snberized and
lignified seed-coat which does not allow the enzyme solution to
penetrate the seed.

Treating the seed for as long as 20 days with

enzymes produced neither a decaying effect on the seed, nor any
germination.

However, the experiments with enzymes were not designed

to separate the light requirement from the anaerobic requirement
in the germination process.

The exogenous supply of hydrolytic

enzymes will not replace the light requirement in ]i.

1

imosa seeds.

The light requirement for seed germination in li. limosa
appears to be phytochrome-mediated as reported by Marler ( 38) and Diaz
(14).

According to Diaz (14) these seeds are of the long irradiation

type.

Lettuce seed germination is also phytochrome-mediated; however,

the phytochrome system in the two seed types appears to be different.
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Since H. limosa seed germination is inhibited by the presence of
oxygen,

the phytochroine system must operate under anaerobic conditions.

This is not so with lettuce seeds.
both Lactuca sativa and H. 1 impaa

Seed germination in
is temperature sensitive.

Extensive search of the literature by Marler (38), Diaz (14) and
myself failed to reveal many plants whose seeds require both light and
anaerobic requirements for germination.

However, Morinaga (44) had

reported that the germination of certain photoblastir seeds is
promoted by reduced oxygen tension.

Barton and Hotchkiss (2 )

reported that Eichhornia seeds germinate
of light.

under water in the presence

Sifton (62) found that a low oxygen content of the

atmosphere enhance

the germination-promoting effect of light in

Typha seeds.
Results of variously painted seeds revealed that the site of
photoreception

is spread over the entire seed surface and is concentrated

toward the chalazal end.

Tentati ' 1 W

concluding from the embryo

isolation experiment that the embryo itself is not the site of
photorecepfion, it appears reasonable that other living cells of
the endosperm or the seed-coat may be involved in photoreception.
Presence of the nucellar cap and the endosperm sheath in the mature
seeds of H. limosa raise the possibility of these cells being the
site of photoreception and/or photoreceptor pigment phytochrome.
Phytochrome pigments are thought to be located in the p 1asma 1etnma or
the nuclear membrane (24, 40).

Thus, in 11, limosa, the seeds were

painted in various ways to determine the possible location of photo
sensitivity.

Although painting the seeds in various ways reduced
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germination when compared with unpainted seeds, it did not block
germination completely.

This indicates that the paint used was

probably not toxic to the seeds and that presumably less light energy
was available to the seeds.

Although no light energy was recorded

passing through the painted coverslips when monitored with spectroradiometer, the seeds must have absorbed sufficient light energy to
trigger germination in the entirely painted seeds.

The energy receiving

units (photoreceptors) must be distributed over the entire seed
surface and way possibly be concentrated toward the chalazal end
of the seed, because decreased percentage of germination was obtained
with chalazal-end painted seeds.

Lowest percentage of seed germination

was obtained when the entire seeds were painted, thus minimizing the
total light energy available to the seeds.
Diaz (14) had reported that 48-hour exposure of red light of

2

7 mW/cm /nm at 625 nm
H. limosa seeds.

is sufficient to induce 80% germination in

Based on that experiment, variously painted seeds

were exposed to red light of 5 mW/cm‘/nm at 625 nm for 48-hours only.
However, a maximum of 40% germination was obtained under these
conditions (Table 4).

These differences were probably due to a

different seed-lot and exposure to reduced light energy.

Our results

(Table 5) also agree with those of Diaz (14) in that the unpainted
seeds showed reduced germination after 24 hours of exposure to light.
According to Diaz (14) if the causes that alter the ratio of ^ ^ y ^ ^ g
are analyzed with respect to this particular response, it can be
concluded that the dark reactions leading to the synthesis of P ^ g .
the destruction of P ^ y
enzymatic in nature.

and the conversion of Py 3 g to P 5 5 0 are
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The results of these experiments (Table 3, 4, and 5) indicate
that

11.

limosa seeds are of the long irradiation type for which the

percent of germination is reduced greatly by reducing the light
exposure time.

Painting the seeds with "Treekote" wound emulsion

paint reduces the availability of light energy to the seeds which
therefore require a longer irradiation time for germination, and
that some of the light energy still reaches the seed in spite of its
being apparently completely covered by the paint.

The mechanism

of energy transfer through the paint to the seed is not clear.

Use

of lower light intensities and opaque white paint may eliminate
germination in the entirely painted seeds.

Uniform painting of the

seeds was not always possible but portions covered with paint appeared
to be entirely covered.

Painted seeds when kept in the dark showed no

germination even at the end of 132 hours.
The current work verifies Coker's

(1907) work ( 8 ) on ovule

development in H. limosa, although his work did not go into as much
cytological detail.

At one point, Coker (8 ) reported that the

surviving large lower megaspore elongated and encroached on the
ones above it, and after destroying them, it pushed on through the
tapetum (the parietal cell layer) and reached the inner edge of the
epidermis.

I did not find this to be true.

The parietal layer

remains intact and the megaspore does not come in contact with the
epidermis.

Also the micropylar cap of nucellar cells persists

conspicuously throughout the seed development contrary to Coker's
statement.

Coker (8 ) did not mention trap door formation in the seed.

Seeds of other plants such as Elchhornia, Corrlandrum and Typha (38)
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all have trap doors which appear to be the prepared site of radicle
emergence-

Rost et^ a l . (55) reported the presence of a germination lid in

Setaria lutescens and other grass of subfamily Paniceae.

In Setarla

lutescens, he observed emergence of the coleorhiza by forceful
opening of the hinged flap on the lemma

(54).

The trap door is formed

late in the process of seed development, at the micropylar end in
H. limosa.

The seed-coat at the trap door end does not appear to

be radically different from the rest of the seed but there appears
to be some difference in the amount of cellulose deposited in that
area.

Histochemical studies with toluidine blue O revealed that the

trap door region contains large amounts of pectic substances and other
wall material

(Fig. 41).

Both immature and mature seeds of H. 1imosa show the presence of a
specialized layer of cells encircling the embryo at the micropylar end (trap
door end) and surrounding the entire endosperm.

These cells

originate very early in the ovule development, persist throughout
seed development and are of nucellar origin.

Many monocotyledon

plants are known to have a nucellar cap in the seed.

According to

Jones (33), the aleurone of barley seeds, consists of 3-4 cell layers
surrounding the starchy part of the endosperm.

Leshem et^ a_K

(35)

reported a thin layer of cells encompassing the endosperm in immature
avocado seeds which he called the endosperm sheath.
such as Paleg and Hyde (50) and Buttrose

Other workers,

(6 ) have called this layer

of cells the aleurone layer in barley and wheat respectively.

The

above mentioned authors have described the ultrastructure of the
aleurone cells.

These cells contain aleurone grains which are
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proteinaceous in nature and function in gibberellic acid-induced
hydrolysis of storage products in various seeds.
Engleman (18) reported on the ontogeny of aleurone grains in
the cotton embryo and concluded that these aleurone grains were
vacuolar in origin.

This was also reported by Buttrose (6) who, while

studying wheat aleurone,

found aleurone grains to arise within

vacuoles in young aleurone cells at about two weeks after flowering.
Paleg and Hyde (50) described barley aleurone cells as having thick
cell walls, dense cytoplasm, and spherical organelles, and also
lacking membrane clarity.

Plastids, mitochondria, Colgi bodies

although present in dry aleurone, were rarely seen since their
membranes are indistinct against the dense cytoplasmic ground substance.
According to these workers starch is absent in these cells.
Lack of membrane clarity as observed in ultrathin sections
using electron microscope, is characteristic of the seed in the dry
state.

As indicated by Paleg e_t al.

(50), an increase in clarity of

the membrane structure is the immediate effect of hydration.

Paulson

et a l . (51) pointed out that ultrastructural studies on the dry
embryo should be performed using non-aqueous fixatives such as OsO^
fumes.

Although this has been done to some extent, the majority of

workers have used aqueous fixatives to overcome fixation difficulties
(33, 50, 51,

6 8 ).

As illustrated in Fig. 36 and 37, the endosperm sheath cells
of H.. limosa have thick cell walls, dense cytoplasm, and spherical
organelles and also lack membrane clarity.
and Golgi bodies were observed.

No plastids, mitochondria,

However, endoplasmic reticulum
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was seen in the cells of the endosperm sheath in both mature and
germinated seeds (Fig. 37 and 44).

As described by Jones (33)

aleurone grains occurring In the aleurone cells, are surrounded by
a single unit membrane.

Three distinct areas (one electron transparent

and two electron dense) can be recognized.

One of the electron dense

areas is referred to as being globoid and the other as being
crystalloid.

According to Buttrose (6 ) in wheat aleurone cells,

distinct globoid and crystalloid regions were not observed.
Typical aleurone grains were not observed in the cells of the
endosperm sheath and the nucellar cap in the preliminary study on
H. limosa seeds.

However, nucellar cap cells of the germinated seeds

were observed to contain proteinaceous material similar to that which
was observed in embryo cells of dry lettuce seeds by Srivastava ej^ a l .
(6 8 ).

Other typical characteristics of aleurone cells, as found

in aleurone cells of other plants, are present in the endosperm
sheath cells.
According to Jones (33), a prominent feature of the aleurone
cells is the presence of many single membrane-bound organelles of
about 2-4 urn diameter.

In glutaraldehyde fixed material, these appear

as smooth, circular electron dense objects, suggesting the presence
of lipid material within these bodies.
spherosomes (33).

These bodies are known as

The spherosomes of the aleurone cells are associated

with the aleurone grains and the plasmalemma.

However, Paleg and Hyde

(50) found that the treatment of aleurone cells with gibberellic acid
results in complete disappearance of the spherosomes and extensive
erosion of the cell wall.

Buttrose (6 ) also observed the existence
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of small dense bodies positioned in an orderly fashion in the aleurone
cells.
Mollenhauer et_ al^. (41, 42) reported on the presence of lipid
vesicles in most cells of the pea and bean cotyledon throughout
development, dormancy and gerniination.

These lipid vesicles constitute

a major cellular constituent when the seed approaches maturity.
Reserve lipids are stored as small vesicles during the period of
dormancy.

These spherical lipid vesicles are about 0.1-2 pm in

diameter and bounded by an interfacial structure.

They become a

conspicuous component of the cell; are present in large numbers, and
many of them occupy a peripheral position in the cell.

These lipid

vesicles are characterized by their association with plastids or the
plasmalenmia during dormancy, and undergo transformation into flattened
saccules during seed germination.

It is common for lipid vesicles to

be aligned with the cell surface or around protein bodies as mentioned
earlier (6 , 33, 45, 50); however, these simple lipid vesicles do
not seem to be interassociated oi interconnected and therefore, do
not undergo transformation of form as described by Mollenhauer and
Totten (41).
Lipid vesicles found in the cells of the endosperm sheath of
H. limosa seeds, are similar to the ones described by Paleg and Hyde
(50) and Jones

(33) in the aleurone layer of barley seed, by Buttrose

(6 ) In the aleurone layer of wheat seed and by Nieuwdorp et^ al.
(45) in barley scutellum cells.

As seen in Fig. 36 and 37, these

lipid bodies are distributed along the periphery of the cells and
around the grains of proteinaceous nature in mature seeds.

These
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are spherical, electron opaque and 0.55 urn to 2 uni in diameter.
These are also present in the endosperm sheath cells in the
germinated seeds (Fig. 44),

However, a detailed fine structure study

of the formation and degradation process of these lipid vesicles
in fl. limosa seeds will he essential for comparison with composite
lipid vesicles of the pea and bean cotyledon cells described by
Mollenhauer «rt al.

(41),

This study may also provide important

information for understanding the seed dormancy in jl. limosa.
Additional study of endosperm sheath ontogeny In H, limosa
seeds at the ultrastructural level is needed to better undersiand the
nature and function of this layer.

Gibberellic. acid controlled changes

which are known to occur in the barley aleurone layer (30, 70) and
in lettuce seeds (75) may also be occurring in the endosperm sheath
°f

limosa seeds.

Marler's efforts (38) to induce seed germination

by gibberellic acid treatment failed.

However, further investigation

in this direction using gibberellic acid treatment may yield useful
information regarding 1H. limosa seed dormancy.
Study of Isolated embryos from dormant and germinated seeds
could also provide evidence for the structural basis of seed dormancy
as was found for lettuce seeds by Paulson e_t ^1_. (51), who believe
that the structural inactivity of the embryo in the mature seed may
not be the cause but the expression of dormancy.

Leshem et^ a_l. (35)

reported that in young immature avocado seeds, hydrolysis of starch
reserves may be triggered by the embryo-contained gibberellic acid
acting on the endosperm sheath.

They also reported that the papery

bi-integumental layer, commonly regarded as biologically inert, may
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retain the ability to trigger starch hydrolysis upon contact with
gibberellic acid in the mature avocado seeds.
As evidenced by the isolated embryo experiments, light and
anaerobic conditions must trigger the biological breakdown of the
seed-coat which acts as a mechanical barrier to embryo elongation
because isolated embryos elongated in either dark or light under
aerobic conditions, conditions to which the embryo is normally
exposed in moist ungerminated seeds.

Obviously, the seed-coat in

mature seed must be pervious to gases to allow oxygen to penetrate and
inhibit the fermentative pathway which appears to be an essential
source of energy for germination.

Experiments have shown that the

entire surface of H. limosa seed is capable of absorbing light energy
and the photoreceptors are well distributed over the seed surface
but concentrated at the chalazal end.

The exact role of light in

germination is not clear because all attempts to replace the light
requirement by using various enzymes and growth promoting compounds
failed.

Reason for such failure may be the presence of the hard,

lignified and suberized surface of the seeds which may prevent any
penetration of the chemicals.

The small seed size precluded injecting

chemicals inside the seed without breaking the seed-coat.

However,

the study of the germination process by scanning electron microscope
suggests (Fig. 51) that certain chemical changes must occur at the
trap door because the cleavage at the trap door is neat and no broken
cells could be observed.

Thus the opening of the trap door probably

takes place by enzymatic breakdown of the intercellular material
along the trap door rather than by forceful tearing caused by the
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enlarging embryo as thought by Marler (38).

Ikuma and Thimann (28)

suggested that in lettuce seeds, activated phytochrome Induces
formation of hydrolytic enzymes which digest the seed-coat.

There is

a possibility that this phenomenon occurs in jl. limosa seeds.
Anaerobic requirements for germination of H. Iimosa seeds
were not explored in this study.

But as reported by Marler (38) and

my work, the anaerobic requirement could not be separated from light
requirement in time sequence.

Thus the phytochrome-mediated

germination must occur under anaerobic conditions.
reported for other light sensitive seeds.

This has not been

A more detailed study of

this response and its possible interconnection with the light
requirement is also warranted for H. limosa seeds.
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Fig. 1.

Heteranthera limosa seedlings in natural habitat
(submerged).
Seedlings approximately 5 days old.
X 1

Fig. 2.

Mature H. limosa plant in its natural habitat. X 0.5

Fig. 3.

A flower of
X 1.5

limosa plant showing

6

-merous perianth.

ei
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Fig. 4.

Longitudinal section of a young ovary.
Numerous ovules being
initiated on the placenta in a 11. limosa flower bud.
X 100
PL - Placenta
OV - Ovule

64

Fig. 5-8.

Early ovule development and megasporogenesis in a
longitudinal section of an ovary.
Fig. 5.

Ovule initiation on the placenta.

X 400

PL - Placenta
Fig.

6

.

Ovule primordia arising as a result of
perlclinal divisions in the hypodermal
layer. Arrow indicates a periclinal
division.
X 400
PL - Placenta

Fig. 7.

Ovule primordia in later stage of
development. Periclinal divisions in
the hypodermal layer indicated by 2 arrows.
X 400
OP - Ovule primordia

Fig.

8

.

Hypodermal sporangial initial.
Anticlinal divisions indicated by arrows
in epidermal and hypodermal layer. X 400
HI - Hypodermal initial
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Fig. 9.

Longitudinal section of an ovule. Periclinal division of
the hypodermal sporangial initial into parietal cell
and primary sporogenous cell.
X 900
PC - Parietal cell
PSC - Primary sporogenous cell

Fig. 10. Megaspore-mother cell and primordia for outer and
inner Integuments in a cleared ovule.
X 250
MMC - Megaspore-mother cell
POI - Primordium
for outer integument
PIT - Primordium for inner integument
Fig. 1L

Longitudinal section of an ovule. Initiation of integument
primordia occurs following division of the sporangial
initial.
X 400
POI
PII

Fig. 12.

- Primordium
- Primordium

for outer integument
for inner integument

Longitudinal section of an ovule. Both outer
integuments have become twocell layers thick.
01
II

- Outer integument
- Inner Integument

and inner
X 400

U1
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Fig. 13.

Longitudinal section of an ovule showing two-celled
embryo sac.
X 400
ES - Embryo Sac

Fig. 14.

A cleared ovule showing four-celled embryo sac.
nuclei are indicated by arrows.
X 400

Four
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Fig. 15.

Longitudinal section of an ovule showing structure of
eight-celled embryo sac. Polar nucleus, egg, and one
synergid cell are visible.
Note nucellar cap layer.
X A 00
PN
E
SY
NC

Fig.

16.

-

Polar nucleus
Egg
Synergid
Nucellar cap

A non-median longitudinal section of the above ovule,
showing polar nucleus, second synergid cell and
hypostase surrounding the embryo sac.
X 400
PN - Polar nucleus
SY - Synergid
HY - Hypostase

/]
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Fig. 17.

Longitudinal section of an ovule after fertilization.
Zygote and endosperm nucleus are visible.
Also note
micropylar chamber.
X 600
Z
- Zygote
ENN - Endosperm nucleus
MC - Micropylar chamber

Fig, 18.

Three-celled proembryo and developing endosperm are
visible in longitudinal section of an ovule along
with the trap door region.
X 600
(This figure is a composite photograph due to extreme
difference in density of the material).
PE - Proembryo
EN - Endosperm
TDK - Trap door region
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Fig. 19.

Longitudinal section of a developing seed, approximately
eight days after fertilization.
Note the trap door formation
and spine development.
X 250
01
11
SP
TD

Fig. 20.

Outer integument
Inner integument
Spine
Trap door

Longitudinal section of a developing seed showing trap
door formation.
Nucellar cap and endosperm are also
present.
Note thick cuticle layer on the trap door
cells (pointed by arrow). X 100
01
TD
NC
EN
N

Fig. 21.

-

-

Outer integument
Trap door
Nucellar cap
Endosperm
Nucellus

Composition of the trap door as seen in longitudinal
section of a developing seed. Note nucellar cap,
nucellus, and endosperm.
Cuticle indicated by an arrow.
X 250
TD
NC
N
EN

-

Trap door
Nucellar cap
Nucellus
Endosperm
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Fig. 22.

Longitudinal section of an immature seed showing the
seed-coat formation and the presence of an axial
embryo.
Invagination in the outer layers of the seed
were caused by a needle, used to facilitate fixative
penetration.
X 100
(This figure is a composite photograph due to extreme
difference in density of the material).
SC - Seed-coat
EM - Embryo

Fig. 23.

A higher magnification of a portion of Fig. 22 shows
outer integument (several cell layers thick) and the
inner integument (three layers thick)- Only the
middle layer of the inner integument is cellular;
the other two are non-cellular.
01 - Outer integument
II - Inner integument
EM - Embryo
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Fig.

24.

Longitudinal section of an immature seed showing changes
occurring in the trap door region.
Puncturing the
seed for fixative penetration caused the embryo to be
pushed out through the seed coat.
X 250
SC

Fig. 25.

A higher magnification of a portion oi Fig. 24 shows nucellar
cap cells, damaged embryo and changes occurring in the
trap door region.
X 1250
EM
TOR
NC
EN

Fig. 2b.

- Seed-coat

-

Embryo
Trap door region
Nucellar cap
Fndosperm

A non-median longitudinal section of ovule, showing
starchy endosperm, Inner integument and other portions
of the seed-coat.
Layer composed of pectlc substances
indicated by arrow.
X 100
SC
II
FN

- Seed-coat
- Inner integument
- Endosperm

79

80
Fig. 27.

Near median longitudinal section of a maturing seed cut
0 .2um thick, showing seed-coat structure, trap door,
nucellar cap, embryo, and starchy endosperm.
X 100
ID
NC
EM
EN

Fig. 28.

-

Trap door
Nucellar cap
Embryo
Endosperm

Longitudinal section of a seed near maturity showing trap
door and nucellar cap.
Note indentations {as indicated
by arrows) in the seed-coat in the trap door region.
X 250
TD - Trap door
NC - Nucellar cap

Fig. 29.

Trap door formation of a maturing seed, showing two-cell
thick seed-coat (A and R) at the trap door and persistence
of nucellar cap.
Note cytoplasmic inclusions in the
outer layer of seed-coat and indentations in the cellulose
layer in the trap door region.
X 540.
A and B - Two cell layers of seed-coat
NC
- Nucellar cap

8]
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Fig. 30.

Median longitudinal section of a nearly mature seed
showing trap door composition, crushed inner integument
(indicated by arrow), nucellar cap, embryo, and starch
filled endosperm.
Note dense cytoplasm in these
nucellar cap cells.
X 900
TD
NC
EM
EN

-

Trap door
Nucellar cap
Embryo
Endosperm
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Fig. 31.

A near median longitudinal section of a mature seed showing
seed-coat, an electron transparent zone (indicated by
arrow) and a layer of cells (A) lining the entire endosperm.
X 250
SC - Seed-coat
A - Layer of cells lining the endosperm

Fig. 32.

Layer of cells surrounding the endosperm at the chalazal
end. Note the small cytoplasmic inclusions.
Arrow points
to the electron transparent zone.
X 900
A

Fig. 33.

- Layer of cells surrounding endosperm at cha1azal end

A higher magnification of a portion of Fig. 31. Note
dense cytoplasm, large nucleus and many small cytoplasmic
inclusions.
Also, note absence of vacuoles in these mature
cells. Arrow indicates the transparent zone.
X 900
A

- Cells surrounding the endosperm

86
Fig. 34.

Transmission electron micrograph of a seed-coat cell in a
seed near maturity, cut lengthwise.
Note vacuole and
other cytoplasmic contents.
X 5400
SCC - Seed-coat cell

Fig. 35.

Seed-coat cell wall in longitudinal section in a mature
seed, showing cell wall thickening.
Histochemical tests
for suberin, lignin and cellulose were positive for the
seed-coat cell wall.
Transmission electron micrograph.
X 4400
CW

- Cell wall

8 /'
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Fig. 36.

Ultrastructure of a nueellar cell lining the endosperm in
a mature seed showing various cytoplasmic features.
Note
cell inclusions (possibly lipid in nature) lining along
the cell membrane (indicated by arrow). X 7000
CW - Cell wall

Fig. 37.

A higher magnification of a portion of Fig. 36 shows
the structure of these cell inclusions.
Size of these
inclusions varies from 55 mtJ to 145rr^i in these cells.
X 11,700
CW - Cell wall
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Fig. 38.

Median longitudinal section of a germinated seed showing
opened trap door and advancing embryo.
X 250
TD
SC
EM
NC

Fig. 39.

-

Trap door
Seed-coat
Embryo
Nueellar cap

The cells of the nueellar cap are shown just below the
trap door.
These cells remain attached to the trap door
opening during germination process.
Note spherical
cytoplasmic inclusions indicated by arrow.
X hOO
NC - Nueellar cap

Fig. AO.

A higher magnification of a portion of Fig. 38. Note a
break in the seed-coat where indentations in cellulose layer
were present (double arrows).
The nueellar cap cell
inclusion also pointed by an arrow.
X 900
NC - Nueellar cap
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Fig. 41.

A non-median view of a germinated seed showing seed-coat
and an open trap door.
Cells of the nueellar cap remain
attached to the trap door.
Note several layers of noncellular wall substance between the seed-coat and nueellar
cap.
Cells of the elongating embryo are also seen.
Also
note notches in the cell walls of the trap region. X 400
NC - Nueellar cap
TD - Trap door
EM - Embryo

Fig. 42.

Longitudinal section of a germinated seed showing nueellar
cap, a layer of nueellar cells bordering the endosperm.
Note large cytoplasmic inclusions in nueellar cells
(indicated by double arrows), also note electron transparent
zone between the seed-coat and nueellar layer (single arrow).
X 250
NC - Nueellar cap
SC - Seed-coat
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Fig. 43.

A transmission electron micrograph of two cells of the
nucellar cap in a germinated seed. Note a large cytoplasmic
inclusion and many small ones (arrows) and a nucleus.
X 1600
NC - Nucellar cap
N - Nucleus

Fig. 44.

Ultrastructure of a nucellar cell lining the endosperm in
a germinated seed, showing a large nucleus bound by nuclear
membrane, endoplasmic reticulum, and lipid inclusions along
the plasmalemma.
The clear zone of pectic substance is also
visible in the upper left-hand corner of the micrograph.
X 4000
N - Nucleus
ER - Endoplasmic reticulum
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Fig. 45.

Scanning electron micrograph.
A developing seed prior to
maturity.
Note a pore at the Burnmit of the trap door (arrow),
and small depressions between cells of the trap door (arrow).
X 200
TD - Trap door

Fig. 46.

Scanning electron micrograph.
Lateral view of a mature
seed showing grooves and ridges on the seed surface.
Trap
door, not visible here, is at the top of the photograph.
Chalazal end toward the bottom is visible.
Seed size is
700-800 pm in length and 400-500 urn in diameter.
X 255.
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Fig.

47. Scanning electron micrograph.
A mature seed showing the
trap door region.
Trap door diameter is 200 pm. X 200
TD - Trap door

Fig.

48. Scanning electron micrograph.
Surface view of th*
door on the seed. Note its beak and attachment to
rest of the seed. X 400
TD - Trap door

trap
the
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100
Fig. 49.

Scanning electron micrograph.
Cross section of the mature
seed showing embryo, endosperm and the seed-coat.
X 200
SC - Seed-coat
EN - Endosperm
EM - Embryo

Fig. 50.

Scanning electron micrograph.
section.
X 1000
SC - Seed-coat

Seed-coat layer in cross
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Fig. 51.

Scanning electron micrograph.
A seed at 72 hours in
germination process. Trap door appears to be lifted
gently by the advancing embryo. Note trap door separation
from rest of the seed. X 765
TO - Trap door

1(1
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Fig. 52.

Scanning electron micrograph.
Lateral view of germinated
seed at 132 hours showing attachment of the trap door to
main body of the seed.
No damage to the trap door cells
is seen as it is pushed open by the advancing embryo.
X 550
EM - Embryo
TD - Trap door

Fig. 53.

Scanning electron micrograph.
Top view of the trap door
in germinated seed at 132 hours.
X 425
TD - Trap door
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